We have calculated the cross section of ψ ′ photoproduction at small-p T regions in polarized γp collisions for testing the color-octet model, which is based on NRQCD factorization formalism. We show that the measurement of the twospin asymmetry of this process might be effective to constrain the value of NRQCD matrix elements.
Introduction
Recently, it has been reported that the cross sections of prompt J/ψ and ψ ′ production in unpolarized pp collisions measured by the CDF collaboration are largely inconsistent with the conventional color-singlet model calculation 1 . Far from that, these dramatic discrepancies could be explained well by taking a new color-octet model 2 into account. A rigorous formulation of the color-octet model has been presented in terms of a beautiful effective field theory called nonrelativistic QCD (NRQCD), in which the O(v) corrections of a relative velocity between the bound heavy quarks can be systematically calculated 3 . Physics of the color-octet model is now one of the most interesting topics for heavy quarkonium production at high energy.
In this work, as another test of the color-octet model we propose a different process,
at small-p T regions which might be observed in the forthcoming HERA experiment, where both of an incident γ and target p are longitudinally polarized. The process is dominated by the s-channel photon-gluon fusion, so that the color-octet contribution is dominated at small-p T regions. Hence we consentrate on only two lowest diagrams here. Note that in the case of J/ψ production, there are some additional processes like ψ ′ → J/ψ + X, in addition to an original direct production of J/ψ, therefore the analysis must be complicated. Furthermore, the cross section and two-spin asymmetry are very sensitive to the gluon density in a proton, since the ψ ′ is dominantly produced by photongluon fusion. Thus one can get good information on the spin-dependent gluon distribution in a proton by analyzing the polarized process like this 4 .
2 Two-Spin Asymmetry for γp → ψ ′ X Let us introduce a two-spin asymmetry A LL defined as
where dσ +− , for instance, denotes that the helicity of one beam particle is positive and the other is negative.
The spin-independent and spin-dependent total cross sections via the color-octet state are given by
where g(x, Q 2 ) and ∆g(x, Q 2 ) are spin-independent and spin-dependent gluon distribution functions with the momentum fraction x at any Q 2 , respectively.
represent nonperturbative long distance parameters of NRQCD matrix elements and are associated with the production of a cc pair in a color-octet 1 S 0 and 3 P 0 states, respectively. The recent analysis on charmonium hadroproductions results in O
Using this value and various parton distributions, we have numerically calculated the two-spin asymmetry A LL originated from the color-octet state. Note that the A LL in Eq. (2) has a simple form
and is directly propotional to the ratio of gluon densities and of NRQCD matrix elements in this process.
Numerical Results
We have calculated the A LL at relevant HERA energies, which are presented in figures. Since the value of A LL is rather large, we can sufficiently test the color-octet model in this reaction.
Let us discuss the sensitivity on our results. In order to examine the experimental accuracy of the forthcoming HERA experiments, we have estimated the experimental sensitivity of the A LL for 100-day experiments at various √ s in the manner of Nowak 8 , using the expected data of beam or target polarization (P B , P T ∼ 70%), the integrated luminosity (L · T ∼ 66pb −1 ), and the combined trigger and reconstruction efficiency (C ∼ 50%) together with the values of unpolarized cross sections. As a result we found that the experimental sensitivity δA LL is order of magnitude ∼ 10 −3 , which is very small. Hence we can neglect it safely and our predictions are expected to be actually tested in the HERA experiments.
However we can see in figures that the A LL goes over 1 for small √ s or large x regions and become unphysical. To confirm that our results is reasonable, we attempt to explain such a odd behavior of the A LL below. We have already seen that the A LL is given by a product of ∆g(x)/g(x) andΘ/Θ. In the case of GS96 or GRSV96 parametrization which are widely used, the maximum value of ∆g(x)/g(x) is 0.2 ∼ 0.35, whereas the value ofΘ/Θ is 3.6 ∼ 8.0. If we rely on the value of the ratio of gluon distributions, the maximum value of the ratio of NRQCD matrix elements should bẽ
from the requierment that the A LL should be less than 1. Actually, the uncertainty of matrix elements seems to be larger than the one of gluon distribution, because the value of matrix elements obtained from the Tevatron data does not include the contributions of higher order QCD corrections. Therefore we might be able to constrain the value of matrix elements by measuring the two-spin asymmetry in polarized γp collisions.
Summary and Discussion
We have proposed the photoproduction of ψ ′ at small-p T regions in polarized γp collisions which might be available in the forthcoming HERA experiments. We have calculated two-spin asymmetry A LL for various parameter regionsΘ/Θ = 3.6 ∼ 8.0, and found that the A LL is rather large in the regions √ s = 10 ∼ 50GeV, x = 0.005 ∼ 0.1. Therefore we conclude that we can sufficiently test the color-octet model in this process. In addition, we can [9] , set B of ref. [9] and the 'standard scenario' of ref. [10] , respectively.
constrain the value of NRQCD matrix elements though there still remain big uncertainties for ∆g(x).
